A 2-D micropolar equivalent single-layer (ESL), first-order shear deformation (FSDT) plate model for 3-D web-core sandwich panels is developed. First, a 3-D web-core unit cell is modeled by classical shell finite elements. A discrete-to-continuum transformation is applied to the microscale unit cell and its strain and kinetic energy densities are expressed in terms of the macroscale 2-D plate kinematics. The hyperelastic constitutive relations and the equations of motion (via Hamilton's principle) for the plate are derived by assuming energy equivalence between the 3-D unit cell and the 2-D plate. The Navier solution is developed for the 2-D micropolar ESL-FSDT plate model to study the bending, buckling, and free vibration of simply-supported web-core sandwich panels. In a line load bending problem, a 2-D classical ESL-FSDT plate model yields displacement errors of 34-175% for face sheet thicknesses of 2-10 mm compared to a 3-D FE solution, whereas the 2-D micropolar model gives only small errors of 2.7-3.4% as it can emulate the 3-D deformations better through non-classical antisymmetric shear behavior and local bending and twisting.
Introduction
Web-core sandwich panels consist of two horizontal face sheets separated by straight web plates that are aligned orthogonally to the faces. The core may be additionally filled with a low-density material such as a polymeric foam or balsa wood. The face sheets are responsible for taking bending and in-plane loads while the lightweight core carries the greater part of transverse shear loads. The primary function of any sandwich panel is usually to provide significant weight savings in comparison to more conventional structural configurations, such as stiffened solid plates, without compromising on the overall mechanical performance.
Two different web-core sandwich constructions are regularly encountered in the literature. Foam and wood-filled web-core panels with glass fiber reinforced polymer (GFRP) faces and webs have been designed for use in bridge decks and building roofs and floors (Zi et al., 2008; Keller et al., 2008; Huo et al., 2015; Wang et al., 2015; Zhu et al., 2018) . Laser-welded web-core steel sandwich panels, on the other hand, have been developed and used mainly in shipbuilding as staircase landings and non-structural walls (Roland and Metschkow, 1997; Kujala and Klanac, 2005) . The laser welds penetrate through the faces into the web-core and the panels may be filled with polymeric foams as well (Karttunen et al., 2017a) . Better understanding of their limit state behavior is making way for the steel panels to more challenging applications like ship decks, see, e.g., the works of Kolsters and Zenkert (2010) ; Jelovica et al. (2013) ; Jiang et al. (2014); Frank (2015) and Kõrgesaar et al. (2016 Kõrgesaar et al. ( , 2018 . Kujala and Klanac (2005) have estimated that ship decks constructed of steel sandwich panels offer 30-50% weight savings compared to traditional stiffened steel plate configurations. This study is primarily motivated by all-steel web-core sandwich panels and ship structures. Nevertheless, such panels also show good potential for applications in bridges and buildings as evidenced by Smith (2004, 2007) ; Nilsson et al. (2017) and Briscoe et al. (2011) . In addition, the methods presented in this paper should facilitate the structural analysis of GFRP sandwich panels in the future as well.
In order to analyze the global structural response of a large cruise ship or some other megastructure within computational limits, the main structural components need to be modeled in a homogenized sense without accounting for every small detail. To this end, a sandwich panel used for a ship or bridge deck may be modeled as an equivalent single-layer (ESL) beam or plate based on the first-order shear deformation theory (FSDT) (Reddy, 2004) . Lately, different ESL-FSDT models have been developed for web-core sandwich beams using classical (Romanoff and Varsta, 2007) , couple-stress Gesualdo et al., 2017; Penta et al., 2017) , and micropolar (Karttunen et al., 2018a (Karttunen et al., , 2019 continuum theories. Recently, analytical solutions founded on discrete classical models have also been formulated for web-core plates Bhaskar, 2016, 2017; Pydah and Batra, 2018) . As for the different ESL-FSDT beam models, it has been shown that only the micropolar approach can capture accurately the deformations of a web-core beam because it considers both symmetric and antisymmetric shear and local bending deformations (Karttunen et al., 2018a (Karttunen et al., , 2019 . This is explained schematically in Fig. 1 in the case of a 3-D web-core plate. In this paper, we develop a novel 2-D micropolar ESL-FSDT plate theory for web-core sandwich panels such as the one shown in Fig. 1 . Simply-supported all-steel web-core sandwich panel under a line load modeled in 3-D by shell finite elements (Section 4). The 2-D micropolar plate theory to be developed allows antisymmetric shear deformation to emerge at locations where the 3-D deformations cannot be reduced to 2-D by considering only symmetric shear behavior. Local bending can also be seen within the unit cells near the plate center but not in the vicinity of the supported edges.
In the micropolar continuum theory, each material particle has, in addition to the three classical displacements, an orientation described by three rotational degrees of freedom (Eringen, 2012) . Thus, with six independent degrees of freedom, every material point of a micropolar continuum is phenomenologically equivalent to a rigid body. The micropolar theory is a simplification of the micromorphic theory where each point has three deformable directors and includes nine additional degrees of freedom compared to the classical theory (Eringen, 2012) . The works of Eringen (2012) , Altenbach and Eremeyev (2009) and Altenbach et al. (2010) discuss the key theoretical aspects of micropolar plate theories and the literature reviews therein encompass a lengthy period of research on such plates. Of the more recent papers on micropolar plates we mention those of Kvasov and Steinberg (2013) ; Sargsyan and Sargsyan (2014) ; Abadikhah and Folkow (2015) ; Ansari et al. (2017b) and Zozulya (2018) . However, the aforementioned models are not applicable in the present context as their constitutive equations do not address any particular microstructure such as a webcore. As pointed out by Altenbach et al. (2010) : The main problem of any micropolar theory is the establishment of the constitutive equations. In this paper, our focus is on developing a two-scale micropolar constitutive modeling aprroach for web-core sandwich plates. The method is similar to an approach that has been used for beam-like lattices and plate-like grids, but not for sandwich plates (Noor and Nemeth, 1980; Noor, 1988; Ostoja-Starzewski, 2002; Karttunen et al., 2019) .
In a nutshell, the present two-scale constitutive modeling approach for a 2-D micropolar ESL-FSDT plate is based on ideas akin to those behind second-order computational homogenization techniques (Kouznetsova et al., 2002; Larsson and Diebels, 2007) : (1) No constitutive model is assumed for the 2-D macroscale ESL-FSDT plate a priori. (2) Instead, an I-shaped, microscale web-core unit cell is modeled by classical constituents (i.e., by shell finite elements, see Fig. 1 ). (3) Then the polar macroscale plate kinematics are imposed on the microscale unit cell in order to bridge the two scales. However, instead of solving a nested boundary value problem as in computational homogenization, (4) the (hyperelastic) constitutive relations for the 2-D plate will be determined directly from the unit cell strain energy which at this point is given in terms of the macroscale ESL-FSDT plate strains. In addition to the strain energy, the kinetic energy of the unit cell is obtained through a similar procedure after which the equations of motion for the 2-D micropolar ESL-FSDT web-core plate are derived via Hamilton's principle. Thus, the whole formulation of the micropolar plate theory is actually built upon on the constitutive modeling.
The fundamental reason for using the micropolar theory in the above modeling procedure is that it allows us to pass information on both displacements and rotations from the discrete unit cell into an ESL plate continuum. After all, the classical shell finite elements used to model the discrete unit cell have both translational and rotational degrees of freedom. This way we are able to account, in addition to the antisymmetric shear deformations, for the local twisting and bending of the sandwich face sheets and webs with respect to their own mid-surfaces through couple-stress moments which is not possible in a conventional ESL-FSDT sandwich plate theory. The local face bending is well displayed near the center of the plate mid-section in Fig. 1 and it will be seen later that this local behavior is coupled through equilibrium to the antisymmetric shear behavior. In a broad sense, the two-scale energy approach for the 2-D micropolar plate is another step towards a general constitutive modeling technique in micropolar elasticity with particular emphasis on mid-surface structural components such as beams, plates and shells made of lattice materials.
The rest of the paper is organized as follows. The two-scale constitutive modeling for a web-core sandwich panel which gives the stress resultant equations for the 2-D micropolar plate is carried out in Section 2. Along with the constitutive equations, the procedure yields the strain and kinetic energy densities of a unit cell which are used in Section 3 to derive the governing equations of the novel 2-D micropolar ESL-FSDT plate theory in terms of the stress resultants by employing Hamilton's principle. The Navier solution is developed for the plate in order to study numerically static bending, linear buckling and free vibration problems of simply-supported web-core sandwich panels in Section 4. Concluding remarks are given in Section 5.
Two-scale constitutive modeling

Micropolar displacements and strains
The 3-D displacements and microrotations of a plate-like continuum can be approximated by 2-D mid-surface kinematic variables (u x , u y , u z , φ x , φ y , ψ x , ψ y ) so that U x (x, y, z, t) = u x (x, y, t) + zφ x (x, y, t), U y (x, y, z, t) = u y (x, y, t) + zφ y (x, y, t),
where t is time, (u x , u y , u z ) denote the displacements of a point on the plane z = 0, and (φ x , φ y ) are the rotations of a transverse normal about the y-and x-axes, respectively, whereas (ψ x , ψ y ) are microrotations about the x-and y-axes, respectively. Finally, note the following two assumptions that are introduced here for the micropolar plate theory: (1) the formulation is for plates of constant thickness, which (2) do not possess a drilling degree of freedom [Ψ z (x, y, z) = 0].
Following the theory of micropolar elasticity (Eringen, 2012) , the nonzero strains of the micropolar plate are
where x and y in the subscripts after the comma denote partial differentiation with respect to coordinates x and y, respectively. The symmetric shear strains are defined as
and the antisymmetric shear strains are
where (ω x , ω y ) are the macrorotations. The symmetric shear strains (γ s x , γ s y ) take the same forms as the shear strains in the conventional ESL-FSDT (ESL-Mindlin) plate theory founded on classical elasticity. The antisymmetric parts are defined by the macrorotations and the microrotations. In addition to having rotational degrees of freedom independent of the translational displacements, the micropolar plate can transmit couple-stress as well as the usual, classical force-stresses. Figure 2 shows, for modeling purposes, a web-core unit cell attached to an arbitrary fiber of a micropolar plate; see the dashed line along z-axis for the fiber. This situation is analogous to a case in which a unit cell is attached to an arbitrary cross section of a micropolar beam (Karttunen et al., 2019) . The 2-D micropolar continuum plate as a whole is a macrostructure and the discrete 3-D unit cell represents its periodic microstructure. In order to obtain the constitutive equations for the plate, the strain energy of the discrete microscale FE unit cell needs to be expressed in terms of the continuous macroscale strains (2)-(4) so as to bridge the two scales.
Discrete-to-continuum transformation
Static condensation is applied at all nodes of the FE unit cell in Fig. 2 to the global drilling degree of freedom, i.e., to the rotation with respect to z-axis. Certain nodal DOFs are retained only at the highlighted face edge nodes of the unit cell as will be discussed in detail in Section 2.3. The practical details of the following modeling procedures that relate to the use of Abaqus and Matlab are discussed in Appendix A. But first, in general, the strain energy of a web-core unit cell after static condensation is
where d contains the retained degrees of freedom and k is the corresponding unit cell stiffness matrix. Next the discrete nodal displacements at the unit cell edges are expressed in terms of the plate (fiber) displacements (1). With distance from an arbitrary fiber located within a micropolar plate domain, Taylor series expansion of Eqs. (1) for edge nodes i = 1, 2, . . . , n on the bottom and top faces (z = ±h/2) leads to
where ∆x i and ∆y i are the nodal coordinates of the FE unit cell in the present context. Moreover, the micropolar plate strains (2)- (4) have been imposed on the rotations (φ x , φ y ) and the gradient terms. The expansions (6) 4 and (6) 5 of the rotational degrees of freedom of the 3-D FE unit cell modeled by shell elements are written completely in terms micropolar features that do not appear in classical continuum theories, that is, in terms of the microrotations ψ x and ψ y and their derivatives. Recall also that Ψ i z was condensed out. We can write the discrete-to-continuum transformation (6) for nodes i = 1, 2, . . . , n in matrix form
where the vector for the continuous displacements is
For the strains we have
where
and T u and T are transformation matrices. By applying the transformation (7) to the strain energy (5), it is straightforward to verify in all the cases studied in this paper that the displacement vector u (rigid body motion) does not contribute to the strain energy. We obtain
We define the areal density of the unit cell strain energy as
where A is the planform area of the unit cell. The constitutive matrix is given by
The unit cell represents a lattice material of which the micropolar plate is made of. Therefore, in analogy with any hyperelastic material, we write for the micropolar plate continuum
where S is now the stress resultant vector of the micropolar plate. By employing Eq. (14), the bridging of the two scales is founded on an assumption of strain energy equivalence between the macrostructure (plate) and the microstructure (unit cell). The explicit matrix form of Eq. (14) is
where the vectors for the membrane N, global bending and twisting M, symmetric and antisymmetric shear Q and local (couple-stress related) bending and twisting P resultants read
respectively. The submatrices for the constitutive parameters in this study are
The matrices include 24 constitutive parameters and are symmetric in all cases in this study. The constitutive modeling approach resulting in Eq. (15) was presented in a quite general form and it is meant to be independent of the sandwich core; the discrete-to-continuum transformation (7) is applied along the face edges after static condensation but not within the core. The approach is explored further in the next section.
Constitutive parameters for a web-core panel
The detailed constitutive modeling of the web-core unit cell is carried out in two separate phases which are outlined below. First, the global drilling degree of freedom is condensed out at every node of the FE model shown in Fig. 2 , and the highlighted face edge nodes are taken as the master nodes. In addition, the following steps are taken.
(1) All the remaining five DOFs are retained at the master nodes while all DOFs are condensed out in the other (slave) nodes. The transformation (7) is applied to the strain energy of the resulting FE unit cell. However, the nodal rotations of the FE model are expanded only by so that when Eq. (14) is finally applied, we obtain N = A 0 , M = Dκ and Q = Gγ but P = Hχ for local bending and twisting remains to be derived. Expansions (19) are enough to fully account for the shear behavior, see Eq. (4).
(2) As for H, only the rotation Ψ i y with respect to y-axis is retained on face edges A (including the corners), whereas on edges B only the rotation Ψ i
x with respect to x-axis is retained. The strain energy expression (11) uses the expansions
In this case, Eq. (14) gives the relation P = Hχ. Figure 3 shows the web-core unit cell of Fig. 2 in the x-z-plane. The unit cell is made of steel and the face sheets are always of equal thickness. The constitutive parameters will be derived for face thicknesses t f = 2, 4, . . . , 10 mm and for a web thickness of t w = 2 mm. The length and width of the unit cell are both l = 0.12 m and the distance between the face sheet mid-surfaces is h = 0.044 m. The face-web connections are rigid. The constitutive parameters derived from cases (1) and (2) are given in Table 1 for varying face sheet thickness t f . In the case of the web-core panel it turns out that
and, thus, only A 33 and D 33 are given in Table 1 . It follows that
The symmetry (23) will be utilized in deriving the equations of motion for the micropolar plate theory in Section 3. By constructing constitutive matrices C for different face thicknesses t f using the values given in Table 1 , it is easy to verify that all eigenvalues of all constitutive matrices are positive. This means that the matrices are positive-definite. It follows that the web-core lattice material is stable in the conventional sense (i.e., strain energy W is positive for nonzero strains ). Although only numerical values are obtained for the micropolar constitutive parameters, it is relatively easy to deduce by comparison the analytical forms of some of the parameters by the aid of the classical sandwich theory (Allen, 1969; Vinson, 2018) . For the membrane part we have, to a very good approximation,
which are all independent of the web thickness t w . The value of A 22 is always slightly higher than that of A 11 because of the membrane stiffness provided by the web aligned with the y-direction.
For the global bending and twisting stiffnesses we have
and analogously to A 22 , D 22 is always a bit higher than D 11 because of the membrane stiffness provided by the web in the y-direction. As for the local twisting and bending, H 11 , H 12 and H 22 are for twisting. For local bending we have
which is the sum of the bending rigidities of the two faces with respect to their own mid-surfaces.
From Table 1 , we see that H 44 is considerably larger than H 33 because of the additional bending stiffness provided by the web in the y-direction. The coupling term H 34 for local bending is the only parameter that takes a negative value in the case of the web-core unit cell. For further details on the difference between global and local bending and twisting in sandwich structures see the book by Allen (1969) and a recent paper on web-core sandwich beams (Karttunen et al., 2018a) . The shear matrix G is not as straightforward to interpret. We only note that the 2-D micropolar ESL-FSDT plate theory does not employ any extrinsic shear correction factors. Equations (24)- (26) reflect the fact that all the constitutive parameters stem from the 3-D unit cell modeled by classical shell elements and the 2-D micropolar plate does not include any non-classical length scale parameters. The overall validity of the obtained constitutive parameters will be studied by numerical examples in Section 4. The presented constitutive modeling approach also works in the context of classical elasticity, see Appendix B.
Kinetic energy of web-core unit cell
To obtain the kinetic energy expression for the 2-D micropolar ESL-FSDT web-core plate, only the velocity terms (u x ,u y ,u z ,φ x ,ψ y ,φ y ,ψ x ) are included in the expansions (6) [i.e., the gradients are not included and the strains are not imposed in Eq. (6)]. The discrete-to-continuum transformation of the kinetic energy of a web-core unit cell can then be written as
where the dot on the variables denotes differentiation with respect to time and Tu is a transformation matrix. The mass matrix m of the unit cell is obtained using shell finite elements (Appendix A) and by retaining the DOFs in the same manner as in modeling phase (1) which was explained in Section 2.3. We define the areal density of the unit cell kinetic energy as where 
The derived mass inertia coefficients are given in Table 2 for different face thicknesses t f . The kinetic energy expression (28) will be used in the next section in the derivation of the equations of motion for the 2-D micropolar ESL-FSDT plate. 
Governing equations and the Navier solution
Here, we derive the equations of motion for the 2-D micropolar plate model by employing Hamilton's principle and the unit cell strain and kinetic energy expressions from the previous sections. The Navier solution will be developed for the plate in order to obtain numerical bending, buckling and natural frequency results for simply-supported web-core sandwich panels in Section 4. To study the buckling, we retain the linear constitutive matrix C in Eq. (14) while the strain vector will be augmented with von Kármán geometric nonlinearity.
Energy equivalence
The constitutive relation (14) was founded on energy equivalence between the macrostructure (plate) and the microstructure (unit cell). In that spirit, using the areal density W A 0 of the unit cell strain energy, we write the strain energy for the micropolar plate as
In the same manner, by taking use of Eq. (28), the total kinetic energy of the plate is
The potential energy contribution due to a distributed transverse load is
Plate equilibrium equations
By substituting expressions (30)-(32) into Hamilton's principle (Reddy, 2018) , we have
which we can write in the form
We substitute Eqs. (14) and (23) into Eq. (34). Moreover, in order to add the geometric nonlinearity into the 2-D micropolar plate model, we introduce the following replacements into Eq. (34)
where the underlined terms are the von Kármán strains (Reddy, 2014) . Ultimately, in this paper, the replacements (35) (δu z,x − δφ x + 2δψ y ) + Q a y (δu z,y − δφ y − 2δψ x ) + P xx δψ x,x + P yy δψ y,y + P xy δψ y,x + P yx δψ x,y dxdydt = 0.
We arrive at the following equations of motion (Euler-Lagrange equations) of the 2-D micropolar plate essentially by applying integration by parts in Eq. (36):
Q zx
Figure 4: a) Split of the shear resultants Qxz and Qzx into b) symmetric and c) antisymmetric parts, see (Mindlin, 1963) It can be seen explicitly from Eqs. (41) and (43) how the antisymmetric shear behavior is coupled to the local bending and twisting of the plate, as was discussed already in Section 1. We define the following shear resultants
(45) Figure 4 shows how Q xz and Q zx are formed from the symmetric and antisymmetric parts Q s x and Q a x , respectively, or in other words, how Q xz and Q zx are split into symmetric and antisymmetric parts. The definitions (45) correlate with the shear strains (3) and (4), e.g., γ xz ≡ γ s x + γ a x = 2 xz . Now, if the dynamic effects are ignored and N = 0 and we use Eqs. (45), the equilibrium equations (37)-(43) are the same (apart from the face loads) as those obtained by integrating the stresses acting on an infinitesimal parallelepiped micropolar 3-D element with respect to the thickness coordinate z, see Appendix C. That is to say, by using Eqs. (45) the derived constitutive relations (15) could be plugged directly into the general equilibrium equations (C.2) based on 3-D micropolar elasticity to study static, geometrically linear 2-D web-core plate bending problems.
Plate boundary conditions
Figure 5(a) shows the stress resultants acting on the edges of the 2-D micropolar plate. Figure  5(b) shows the setup for the Navier solution of a rectangular simply-supported plate. In general, the boundary conditions for edges x = (0, a) of the rectangular plate in Fig. 5(b) are set by specifying one element in each of the following pairs:
and on edges y = (0, b) we impose N yy or u y , N xy or u x , (Q yz + N yy u z,y + N xy u z,x ) or u z M yy or φ y , M xy or φ x , P yy or ψ y , P yx or ψ x .
Only the bending behavior will be considered here in the Navier solution as reflected by the boundary conditions given in Fig. 5(b) . 
The Navier solution for bending, buckling, and free vibration
The simply-supported boundary conditions displayed in Fig. 5(b) are satisfied by the following choices of displacement and load expansions:
where α = mπ a and β = nπ b ,
and
Substitution of Eqs. (48) into Eqs. (39)- (43) yields the following equation for the coefficients
In Eqs. (54), the following in-plane biaxial compressive forces are used in buckling analysis:
MatrixM is of the same form as that given by Eq. (29) 
Numerical examples
Here, we first study the static bending of simply-supported web-core sandwich panels under line and uniformly distributed loads. Second, the buckling of web-core panels subjected to uniaxial and biaxial compression is investigated. Finally, the natural vibration frequencies of a web-core panel are calculated. The numerical studies are carried out using the Navier solution for the twodimensional ESL-FSDT plate models based on micropolar and classical elasticity. In addition, a 3-D finite element model for web-core sandwich panels is developed to provide accurate reference solutions against which the ESL-FSDT models can be evaluated.
a) b)
Figure 6: a) Transverse displacement of a 2-D micropolar ESL-FSDT web-core plate under a line load for t f = 4 mm (see Fig. 1 for 3-D results) . b) Transverse displacement of the plate mid-section calculated by different methods.
3-D FE reference model
A 3-D finite element web-core panel modeled using Abaqus 2018 was displayed in Fig. 1 . In all the following analyses the global element size of the model is 8 mm, which yields convergent results. Three different size plates will be studied; the plate planform area is (a · b) m 2 and the studied sizes are (1.2 · 1.2) m 2 , (1.8 · 1.2) m 2 , and (2.04 · 2.04) m 2 , and the corresponding 3-D FE models consist of 60800, 91200, and 156570 shell elements of type S8R5, respectively. The boundary conditions are imposed in a similar manner as in classical simply-supported 3-D solid plate problems. For all nodes i = 1, 2, . . . , n on edges x = (0, a) (see Fig. 5 ) we use U i z = U i y = Ψ i x = 0. Analogously, for all nodes on edges y = (0, b) we use U i z = U i x = Ψ i y = 0. In the Abaqus buckling analysis, the boundary conditions are applied at two stages. For "Stress perturbation" one needs to set on edges x = (0, a) the conditions U i z = Ψ i x = 0 and for "Buckling mode calculation" U i z = U i y = Ψ i x = 0 are to be used. A corresponding approach is used for edges y = (0, b).
Bending analysis
Let us consider a (1.8·1.2) m 2 panel with the center web subjected to a line load so that (Fig. 1 )
where q 0 = 10000 N/m. The static bending solution can be obtained from Eq. (51) by setting the time derivative terms and edge forces (N xx ,N yy ) to zero. Table B .3 and the quite differently defined parameters used recently by Jelovica and Romanoff (2018) . The classical model cannot capture the antisymmetric shear behavior nor the local face bending that occurs near the line load (see Fig. 1 ); thus, a large overshoot occurs in the displacement there when the 2-D classical ESL-FSDT plate model is used. Figure 7(a) shows the maximum transverse displacements at the plate center for face thicknesses t f = 2, 4, . . . 10 mm and Fig. 7(b) shows the relative difference
between the 2-D ESL-FSDT and the 3-D FE models. It can be seen in Fig. 7(b) that as the face thickness t f increases, the difference between the classical 2-D and 3-D FE model grows since an increase in t f amplifies the roles of the antisymmetric shear and local bending and twisting. For example, Eq. (26) shows that the local bending stiffness H 33 is proportional to t 3 f . In the case of the classical plate model, we have ∆u z = 34 − 175% for t f = 2 − 10 mm, whereas for the micropolar plate model, Eq. (57) gives an acceptable range of ∆u z = 2.7 − 3.4%. Fig. 8(b) shows that when the face thickness t f increases, the relative difference increases at a faster rate with the classical model. 
Uniaxial and biaxial buckling
For the buckling analysis, we set the time derivative terms and the transverse load to zero in Eq. (51). 
Natural vibration frequencies
For free vibration, we consider a (1.8 · 1.2) m 2 plate and set the mechanical loads to zero and seek a periodic solution to Eq. (51) in the form w = w 0 e iωt . The eight lowest natural frequencies for the 2-D and 3-D plate models are presented in Fig. 11 . Both 2-D plate models provide accurate estimates for the fundamental vibration frequency f 1,1 . However, as the mode number increases, the 2-D classical ESL-FSDT plate model becomes essentially too flexible and underpredicts the natural frequencies. This behavior can be problematic in particular when the forced response of a web-core sandwich panel is calculated by taking use of mode superposition.
Concluding remarks
A novel 2-D micropolar equivalent single-layer (ESL) plate model for orthotropic web-core sandwich panels was introduced. The plate allows for arbitrary but constant rotation of the plate transverse normals like the conventional first-order shear deformation plate theory (FSDT) based on the classical elasticity. The derivation of the 2-D micropolar ESL-FSDT plate model was built upon two-scale modeling of a 3-D web-core unit cell that gave, through energy equivalence between the unit cell and the plate, the strain and kinetic energy expressions for the 2-D plate. These were then used to derive the constitutive relations and the equations of motion for the plate.
The micropolar approach was used here because it allowed the passage of information on both displacements and rotations from the discrete 3-D web-core unit cell modeled by classical shell finite elements into the 2-D ESL plate continuum. This way it was possible to fully account for the deformations of a 3-D panel in a dimensionally-reduced 2-D ESL plate continuum through non-classical antisymmetric shear behavior and local bending and twisting.
The 2-D micropolar plate model provides homogenized, computationally cost-effective solutions to bending, buckling, and free vibration problems of web-core sandwich panels used, for example, in large-scale ship and bridge decks. The small differences between the presented numerical 2-D micropolar and 3-D FE results may be due to the boundary conditions; in 2-D problems they are imposed only at the mid-surface, whereas in 3-D they are enforced practically throughout the plate thickness. Thus, in 3-D the plate tends to be behave in a bit stiffer manner. This issue has been studied in detail recently in the context of classical elasticity (Karttunen et al., 2018b) . It is important to note that at this stage the presented 2-D micropolar cannot capture higher, local vibration and buckling modes that may appear within a unit cell at higher frequencies and loads than were studied here. For additional free vibration and buckling analyses of web-core panels by classical and 3-D FE models, see also the papers by Jelovica et al. (2016) and Jelovica and Romanoff (2018) .
The presented micropolar two-scale energy approach for constitutive modeling was constructed so that it is independent of the core of the unit cell and, thus, has good potential for extensions to other lattice core topologies. The approach may also be applicable in the context of other nonclassical continuum mechanics theories [see, e.g. (Khakalo et al., 2018) ]. We note that there are different strategies to obtain the periodic, classical 3-D stresses of a web-core sandwich panel by post-processing the 2-D micropolar results. For web-core beams this was done in (Karttunen et al., 2019) and for full 3-D web-core panels this will be carried out in future studies. Finally, this study introduced a theoretical micropolar plate model which can be used as the basis for micropolar finite element developments similar to those presented by Ansari et al. (2017b Ansari et al. ( , 2018 . Furthermore, the micromorphic continuum theory may provide a suitable framework for modeling local buckling and vibrations of lattice core sandwich panels through its additional degrees of freedom (Eringen, 2012; Isbuga and Regueiro, 2011; Ansari et al., 2016 Ansari et al., , 2017a . data (from Abaqus .inp file) as input data. Equations (6) are then applied at nodes i = 1, 2, . . . , n and the Matlab command 'equationsToMatrix' can be used to construct the necessary transformation matrices. It is healthy to add a numerical check to the end of the continualization script to see that Eq. (11) holds, i.e., the displacement vector u should not contribute to the strain energy.
The required unit cell mesh size can be determined by considering the convergence of the constitutive matrix (13). With a global element size of 3 mm, the unit cell consists of 3800 shell elements (S8R5), and a size of 2 mm leads to a total of 8520 elements. The relative differences of all components of both D and H matrices, which consider two different types of bending and twisting, between the two different mesh sizes are very close to 0%. A global mesh size of 2 mm is used in all unit cell analyses in this paper. Each unit cell needs to be analysed only once to obtain the constitutive and mass inertia coefficients and the unit cell mesh size does not relate to any critical computational efficiency issues in the present context because the FE unit cells as such are not used to solve actual 2-D plate problems.
Appendix B. Classical constitutive modeling
The constitutive modeling approach, as outlined in Section 2, can also be used in the context of classical elasticity, and it is a novel contribution in this respect as well. In this case, all rotational degrees of freedom of a FE unit cell modeled by shell finite elements are condensed out and only phase (1) of Section 2.3 needs to be carried out to obtain the constitutive matrix. All variables and coefficients in this Appendix relate to conventional ESL-FSDT plates (Reddy, 2004) and classical elasticity regardless of the fact that the used notations overlap with the micropolar ones; The treatment by Eqs. (1)- (55) is for the micropolar modeling approach. For a 2-D conventional ESL-FSDT plate the displacements are
and the nonzero strains of the plate are
γ yz = U z,y + U y,z = u z,y + φ y .
(B.2)
With distance from an arbitrary fiber located within a plate domain (Fig. 2) , Taylor series expansion of Eqs. (B.1) for edge nodes i = 1, 2, . . . , n on the bottom and top faces (z = ±h/2) leads to The conventional constitutive parameters are listed in Table B .3. Extrinsic shear corrections factors are not employed here. The conventional mass inertia coefficients are obtained following the approach taken in Section 2.4 and are given in Table B In Cartesian coordinates, the 3-D micropolar stress equilibrium equations without body forces and moments for stresses σ ij and couple-stresses m ij can be written as (Park and Lakes, 1987) σ xx,x + σ yx,y + σ zx,z = 0, σ xy,x + σ yy,y + σ zy,z = 0, Analogous integration procedures with respect to the plate thickness coordinate z as in the context of classical elasticity (Vinson, 2006; Karttunen et al., 2017b) give the 2-D micropolar plate equations 
